New-type radiophotoluminescence (RPL) glass dosimeters, which had thin sensitive layers near their surface, were made for the examination of their response to low energy (15-25 keV) X-rays necessary for mammography. We constructed a laser scanning microscope system for the effective measurement of RPL photons from an X-ray irradiated glass dosimeter. The X-ray sensitive region of the new-type glass dosimeter was near its surface, and moreover a thin X-ray absorption glass filter, whose photon attenuation coefficient was almost the same as the glass dosimeter, was put on the new-type glass dosimeter. These new-type glass dosimeters were irradiated with low energy X-rays and measured results of absorbed dose around their surface layers agreed on the whole with results from photon transport calculations. It was confirmed that RPL glass dosimeters could make a reliable service to the low energy X-ray dosimetry for mammography.
Introduction
In mammography a subject is positioned near a relatively low voltage X-ray tube, which requires the accurate low energy (15-25 keV) X-ray dosimetry. Thermoluminescence dosimeters (TLDs) and metal oxide semiconductor field effect transistor (MOSFET) dosimeters are usually used for this purpose.
Generally, TLDs have good advantages of tissue equivalence, small size, availability, convenience, in-house measurement and others, and therefore they have been used as personal dosimeters for over 50 years 1) , although they have disadvantages of fading and variation in sensitivity among TLD elements. Also MOS-FET dosimeters have good advantages of fast response, tissue equivalence, small size and others. However, their lifetime is limited roughly up to 50 Gy in accumulation due to radiation damage 2) . In addition, it has been reported that MOSFET dosimeters vary in sensitivity from 15.5 to 31.8% 2) . A silver activated phosphate glass has an excellent stability of radiation sensitivity and a repeatability of radiation measurement and is used as a material of radiophotoluminescence (RPL) glass dosimeters. Nowadays RPL glass dosimeters are widely used as personal dosimeters.
It is difficult to accurately evaluate the dose of low energy X-rays for mammography because low energy X-rays are easily absorbed in the surface layer of materials. Dosimeters for this purpose need to have data on response of their surface layers to low energy X-rays.
The purpose of this paper is to examine the RPL characteristics around the surface of the glass dosimeter exposed to low energy X-rays. We made new-type RPL glass dosimeters to examine their response to low energy X-rays necessary for . The faces of the glass elements were polished with powder of cerium oxide. In the second process, a 50 nm thick silver film was formed on one side of the surface of the phosphate glass piece by an evaporation process. Next, the phosphate glass piece was kept at 400˚C for 10 minutes for the thermal diffusion of silver on the surface.
Then the phosphate glass piece was irradiated with Depth from surface of glass (μm) RPL Intensity (a.u.) The filters ranged in thickness from 70 to 960 μm. The construction of the new-type RPL glass dosimeter with the X-ray absorption filter is shown in Fig. 3 . ratio. The cooled CCD camera was also used for the observation of RPL images in case that RPL intensity was sufficiently large.
Measurement system

Low energy X-ray irradiation
The four kinds of new-type glass dosimeter samples were irradiated with low energy X-rays from an X-ray generator 
Calculation
Monte Carlo photon transport calculations were performed for the examination of the response of the glass dosimeters to low energy X-rays. We used the MCNP 4C code which was built into the general-purpose Monte Carlo code PHITS 6) , the photon cross section library MCPLIB02 and the electron cross section library EL03 for the photon-electron coupling transport 7) . In the calculation, measured data shown in Fig. 6 were introduced as the initial data on the X-ray energy spectrum for the present X-ray irradiation experiments. Fundamentally, we calculated absorbed dose in the surface layer of the glass dosimeter by using the T-Deposit tally in the PHITS code. The number of photon histories was set to achieve the uncertainty less than 2% in the calculations of absorbed dose. Figure 7 shows examples of pulse shapes of RPL and PL photon detection signals superimposed at the same timing triggered by the pulsed laser. As shown in Fig. 7 , the decay time of the pulse signal for the X-ray irradiated dosimeter is much longer than that for the non-irradiated dosimeter. It is clear from previous papers 8, 9, 10) The thickness of the X-ray absorption glass filter was replaced by the depth of the glass dosimeter because the glass filter had almost the same photon attenuation coefficient as the glass dosimeter. As described in the chapter 3, the measured results on the energy spectrum (Fig.6 ) of the X-ray field were used for the dose calculations. Figure 10 shows examples of calculated Xray energy spectra at different distances from the surface in the glass dosimeter. Naturally, at the deeper position, the lower energy component of the spectrum decreased larger, in other words, the X-ray energy spectrum became more hardened at a deeper position in the glass dosimeter. The tendency of the depth-dependent responses of the glass dosimeter to the low energy X-rays was in good agreement between the measurements and calculations. This means that RPL glass dosimeters can make a reliable service to the low energy X-ray dosimetry for mammography.
Results and Discussion
Conclusion
The new-type RPL glass dosimeters with the sensitive region near their surface were made for the examination of their response to low energy X-rays necessary for mammography.
Moreover, the thin X-ray absorption glass filters, of which photon attenuation coefficient was almost the same as the glass dosimeters, were put on the glass dosimeters, and these glass dosimeters were irradiated with low energy X-rays from the 25 kV X-ray tube. RPL photons from the sensitive layers of the irradiated glass dosimeters were effectively measured with the laser scanning microscope system. The measured results of absorbed dose around the surface layers of the glass dosimeters were compared with the results from the photon transport calculations. The tendency of the depth-dependent responses of the glass dosimeters to the low energy X-rays was in good agreement between both the results. It was confirmed that RPL glass dosimeters could make a reliable service to the low energy Xray dosimetry for mammography. 
